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ABSTRACT 


The  purpose  of  the  fatigue  life  prediction  program  at  UCLA  is  to  characterize 
the  accumulation  of  the  microstructural  damage  during  fatigue  of  the 
aluminum  alloys  and  to  use  obtained  data  in  the  formulation  of  the 
microstructure  based  stochastic  life  prediction  models.  Emphasis  during  the 
Hrst  year  of  the  program  was  on  the  implementation  of  all  required 
quantitative  microscopy  techniques  and  on  the  characterization  of  the 
starting  microstructures  in  the  "high"  and  "low"  porosity  7050-T7461 
commercial  plate  alloys.  The  first  assembled  set  of  data  includes 
characteristics  of  the  grain  structures,  constituent  particles  and  pores  on  the 
sections  parallel  to  the  plate  smface  as  a  function  of  the  distance  from  the 
surface.  The  results  show  that  both  alloys  have  partially  recrystallized 
structure  with  the  reciystallization  levels  changing  from  zero  at  the  stirface 
to  about  20%  in  the  center.  The  unrecrystallized  grains  are  85  to  240  pm  in 
size,  while  for  the  recrystallized  ones  the  sizes  are  in  the  45  to  85  pm  range. 
The  average  pore  size  is  7.74  pm  for  the  high  porosity  alloy  and  7.15  pm  for 
the  low  porosity  material  with  the  area  fractions  of  0.074%  and  0.072% 
respectively.  The  sizes  of  the  constituent  particles  are  8.38  and  8.21  pm  and 
the  area  fractions  0.88%  and  0.65%  for  the  high  and  low  porosity  cdloys 
respectively.  Preliminaiy  results  from  the  tessellation  analysis  indicate  that 
the  pores  have  spatial  distribution  which  can  be  categorized  as  regular  with 
clusters.  For  the  constituent  particles  tlie  distributions  are  clustered.  A 
number  of  the  constituent  particles  have  cracks  and  the  measurements  of 
their  frequency  are  in  progress.  The  most  common  precipitate  phases 
present  in  the  alloy  are  i)',  T|2  and  Ti^.  The  precipitates  inside  the  grains 

are  small  ranging  from  5  to  45  nm  in  diameters  while  precipitates  on  the 
grain  boundaries  are  generally  larger  and  their  sizes  vary  between  20  -  250 
nm.  Precipitate  free  zones  have  been  also  observed  and  the  measurements  of 
their  characteristics  are  in  progress.  The  theoretical  efforts  during  the  fr:n5t 
year  of  the  program  have  been  limited  to  the  literature  survey  of  the 
available  stochastic  life  prediction  models  and  to  the  development  of  a 
preliminary  Markov  chain  model.  Plans  for  the  1992  include  finishing 
characterization  of  the  7050  alloys,  formulation  of  the  preliminary  life 
prediction  models  and  start  of  the  characterizations  of  the  8090  alloys. 


CONTENTS 


A.  Introduction . 2 

B.  Materials . 2 

C.  Quantitative  Techniques . 2 

1.  Grains . 2 

2.  Second  Phase  Dispersions . 3 

3.  Fracture  Surface . 3 

4.  Sample  Preparation . 3 

D.  Results . 4 

1.  Grains . 4 

2.  Second  Phase  Dispersions . 6 

i.  Pores . 6 

ii.  Constituents . 7 

iii.  Precipitates . 8 

E.  Modeling . 9 

F.  Sximmary  of  the  Technical  Accomplishments . 9 

G.  Future  Effort . 10 

H.  Publications  and  Presentations . 11 

Publications  (Enclosed  as  Appendix  1  and  2) . 11 

Presentations  (Abstracts  enclosed  as  Appendix  3) . 11 

I.  References . 12 

J.  Tables  and  Figures . 14 


A.  Introduction 


The  purpose  of  this  report  is  to  describe  the  status  of  the  fatigue  life 
prediction  program  at  UCLA.  The  program  started  in  December  1990  and  its 
main  objectives  were  characterization  of  the  accumulation  of  microstructural 
damage  during  fatigue  of  aluminum  alloys  and  formulation  of  the 
microstructure  based  stochastic  life  prediction  models  based  on  those 
characterizations[l].  The  emphases  during  the  reporting  period  were  (1)  on 
the  test  and  implementation  of  the  microstructure  characterization 
techniques  and  (2)  on  the  characterization  of  the  microstructures  of  the 
"high"  and  "low"  porosity  7050-T7451  commercial  plate  alloys.  We  have 
accomplished  all  our  goals  for  the  1991  and  this  report  gives  account  for  our 
activities  and  accomplishments  and  summarizes  our  plans  the  1992. 

B.  Materials 


As  reported  earlier  [2]  the  materials  investigated  during  the  first  year 
of  the  program  were  "high"  porosity  (old  pedigree)  and  "low"  porosity  (new 
pedigree)  7050-T7451  alloys.  The  samples  were  obtained  fi:x>m  Alcoa 
Laboratories  as  a  result  of  the  Alcoq/UCLA/ONR  collaboration  on  the 
program.  Up  to  date  we  have  completed  quantification  of  the  grain 
structures,  constituent  particles  and  pores  on  the  surface  sections  of  the  as- 
received  plates  (characterizations  on  other  sections  are  in  progress).  We  have 
also  characterized  the  morphology  of  the  precipitates  in  both  alloys. 


C.  Quantitative  Techniques 

In  order  to  formulate  stochastic  life  prediction  models  it  is  not 
sufficient  to  know  only  the  average  values  of  the  microstructural 
parameters,  but  it  is  also  essential  to  know  their  frequency  distributions. 
Our  approach  toward  that  end  was  to  put  together  a  PC-based  image 
analysis  system  and  develop  a  set  of  customized  programs  which  would 
allow  for  such  characterization.  This  system  is  now  in  place  and  we  have 
all  software  necessary  for  the  characterization  of  the  grains,  second  phase 
dispersions  and  for  the  tessellation  analysis.  We  are  currently  working  on 
the  methodology  for  the  characterization  of  the  fracture  surface  profiles. 


1.  Grains 

In  our  grain  structure  characterizations  we  are  using  a  modified  linear 
intercept  method  described  in  [3]  and  [4]* .  This  method  requires  the 


*  These  references  have  been  incorporated  into  this  report  as  Appendix  1  and  2. 
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constraction  of  the  plots  of  the  average  intercept  length  vs.  intercept  scan 
angle  (e.g.  Appendix  1,  Figure  7),  and  uses  these  plots  to  infer  the 
information  about  grain  sizes,  shapes,  orientations  and  alignment.  The 
intercept  length  vs.  scan  angle  data  have  also  been  used  in  the  calculation 
of  the  coefficients  of  the  functions  describing  grain  dimensions  in  different 
directions  -  this  is  accomplished  through  the  use  of  spherical  harmonics 
[5,  6].  The  fractions  of  the  recrystallized  and  unrecrystalized  grains  have 
been  measured  by  estimating  the  area  fractions  occupied  by  each  grain 
type. 

2.  Second  Phase  Dispersions 

The  characteristics  of  the  second  phase  dispersions  have  been 
measiired  using  the  same  method  as  for  grains.  The  only  difference  is  that 
in  this  case  the  software  has  to  recognize  the  particles  -  this  is  done  by 
painting  them  with  a  pre-selected  color.  These  measurements  allow  then 
for  the  estimation  of  the  average  values  and  the  distributions  of  the 
dispersion  sizes,  shapes,  orientations,  area  fractions,  aspect  ratios,  etc. 

To  characterize  the  distribution  of  particle  spacings,  local  area 
fractions  and  the  clustering  indexes  we  used  the  tessellation  method  [1,  7- 
9].  This  method  allows  for  the  quantification  of  the  minute  changes  in  all 
above-mentioned  characteristics  and  for  the  quantification  of  the  nature 
of  the  particle  clusters,  i.e.  if  they  are  real  or  accidental.  The  reason  that 
we  choose  to  use  the  area  fractions  rather  than  volume  fractions  in  all 
our  characterizationsis  is  that  this  quantity  is  what  is  actually  measiired. 
Consequently  it  does  not  contain  any  error  due  to  the  assumption  used  in 
the  conversions.  In  addition,  since  fatigue  cracks  are  usually  planar,  the 
measurement  on  the  plane  sections  are  more  representative  of  the 
microstructiural  features  encountered  by  the  cracks  during  their  growth. 

3.  Fracture  Surface 

We  are  in  the  process  of  developing  a  system  for  the  characterization  of 
the  fracture  surfaces  and  fracture  profiles.  Our  characterization  method 
will  be  based  on  the  measurement  of  the  distributions  of  the  orientations 
of  the  line  elements  along  the  fracture  profiles  on  the  determination  of  the 
profile  roughness  parameter.  This  will  then  facilitate  calculation  of  the 
fracture  surface  roughness  parameter  and  fractal  dimensions  [10-14].  The 
fracture  surface  profiles  will  be  obtained  by  sectioning  method  proposed  in 
ref.  [14]. 

4.  Sample  Preparation 

The  sample  preparation  technique  for  the  optical  and  scanning  electron 
microscopy  examinations  described  in  the  Progress  Report  [2]  has  been 
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modified  in  order  to  minimize  the  microstructural  damage  due  to 
polishing.  The  surface  to  be  examined  is  now  mechanically  ground  to  a 
surface  finish  of  600  grit  using  wet  SiC  paper.  Next,  the  samples  are 
polished  on  a  felt  wheel  with  1  pm  and  then  0.25  pm  diamond  paste  with 
ethanol.  This  new  procedure  provides  a  cleaner  surface  with  less  particle 
pull-outs. 

The  TEM  samples  were  prepared  by  mechanically  grinding  slices  of  the 
material  to  approximately  250  pm  then  punching  out  3  mm  disks  iBrom  the 

thinned  material.  The  disks  were  dimpled  with  a  jet  polisher  using  a 
room  temperature  solution  of  10  %  nitric  acid  -  90  %  water  at  a  voltage  of 
25  V.  The  samples  were  then  perforated  using  a  final  polish  of  30  %  nitric 
acid  -  70  %  methanol  at  -30  ®C  and  a  voltage  of  18-20  V. 

D.  Results 

1.  Grains 

Up  to  date  we  have  compleated  characterization  of  the  grains  at  the 
surface,  quarter  depth  and  center  regions  on  the  cross-sections  parallel  to 
the  plate  surface  (surface  sections)  for  both  pedigree  7050-T7451  plate 
alloys*.  All  measurements  included  quantification  of  the  recrystallization 
levels  and  the  sizes  and  shapes  of  both  recrystallized  and  unrecrystallized 
grains  as  well  as  the  subgrains. 

The  amount  of  recrystallization  changes  in  both  alloys  from  zero,  at 
the  surface,  to  about  20%  in  the  middle  of  the  plate.  However,  the  degrees 
of  rectystallization  is  not  the  same  for  each  pedigree.  The  area  fractions  of 
the  recrystallized  grains  are  lower  for  the  old  pedigree  material, 
particularly  at  the  quarter  depth.  The  difference  is  probably  due  to  the 
different  processing  conditions  for  each  pedigree.  Table  1  lists  the 
percentage  of  recrystallization  for  both  pedigrees  as  a  function  of  depth. 
To  our  knowledge,  these  observations  are  the  first  recrystallization  level 
data  for  the  7050-T7451  alloys. 

The  sizes  of  the  unrecrystallized  grains  also  varied  from  the  surface  to 
the  center  with  the  largest  grain  sizes  in  the  quarter  sections  of  both 
plates.  The  new  pedigree  alloy  had  a  finer  grain  structure  with  the  sizes 
between  85  and  150  pm.  For  the  old  pedigree  the  grains  were  in  the  115 

to  240  pm  range.  The  trends  in  the  results  were  not  very  systematic. 

Table  1,  and  the  reasons  for  the  scatter  is  a  strong  dependance  of  the 
unrecrystallized  grain  sizes  on  the  recrystallization  level.  It  is  easy  to 
show  that  this  relation  has  following  form; 


The  surface  sections  are  designated  as  longitudinal  in  Appendix  1. 
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D  =  D  yfn 
o 

where  D  is  the  measured  unrecrystallized  grain  size,  f  is  the  area  fraction 
of  the  recrystallized  grains  and  Dq  is  the  starting,  i.e.  true 

unrecrystallized  grain  size.  Since  there  is  no  recrystallization  at  the  plate 
surface,  then  only  the  surface  grains  characteristics  are  those  of  the  true, 
unrecrystallized  grains.  The  sizes  of  the  unrecrystallized  grain  at  the 
quarter  and  middle  sections  are  smaller  and  reflect  both  the  original 
unrecrystallized  grain  size  and  the  recrystallization  level. 

The  variations  in  the  sizes  of  the  recrystallized  grains  were  more 
consitent.  Table  1.  These  grains  were  between  25  and  45  pm  in  size  with 

the  larger  sizes  in  the  new  alloy.  In  both  alloys  the  grains  were  larger  at 
the  center  than  in  the  quarter  depth.  These  trends  can  be  again 
attributed  to  the  differences  in  the  recrystallization  levels. 

The  subgrains  were  only  present  in  the  unrecrystallized  grains.  Their 
average  size,  for  the  surface,  quarter  and  middle  section  was  6.17  pm  and 

their  size  distribution  is  shown  in  Figure  6,  Appendix  1.  The  morphology 
of  the  subgrains  can  be  described  as  the  arrays  of  squares  oriented  at 

either  0  or  46°  to  the  rolling  direction  [3]. 

The  average  grain  shape  characteristics  have  been  measured  globally 
for  all  three  sections.  Typical  plots  used  in  these  measurements  are  shown 
in  Figure  7,  Appendix  1.  The  aspect  ratios  obtained  from  these  plots  were 
1.32  for  the  unrecrystallized  grains,  1.15  for  the  recrystallized  ones  and 
1.05  for  the  subgrains.  Since  these  aspect  ratios  were  calculated  fom  the 
global  average  values  of  the  intercept  lengths,  average  aspect  ratios  based 
on  the  data  for  the  individual  grain  were  also  estimated  and  they  are 
listed  in  Table  2.  We  have  also  measured  the  alignment  of  the  grains  with 
respect  to  the  longitudinal  direction  [3].  The  alignment  turned  out  to  be 
17.1%  for  the  unrecrystallized  grains  and  8.9%  for  the  recrystallized  ones. 

We  also  used  the  spherical  harmonics  method  to  characterize  the  grain 
shapes  [5, 6].  This  method  allows  for  an  easy  calculation  of  the  grain 
diameters  in  any  directions.  For  instance,  for  the  the  ellipsoidal  grain 
approximation  the  grain  diameter,  D,  in  the  direction  specified  by  the 
spherical  coordinates  a  and  P  is  equal  to; 

D(a,|})  =  ^(l+^(Nc-l)k;  +  |[^(2a  +  c)-l]kj) 


where 


1  _  a  -I-  h  -f  c 
N  3 
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k2  =  3  cos^a  - 1, 

2 

k2  =  sin^a  cos  2p, 

a,  b  and  c  are  averages  of  the  maximum  grain  lengths  in  the  longitudinal, 
long  transverse  and  short  transverse  directions  respectively  and  k]  's  are 

spherical  harmonics  functions.  The  preliminary  estimates  of  the  values  of 
a,  b  and  c  for  both  pedigrees  of  7050-T7451  alloys  are  given  in  Table  2. 

2.  Second  Phase  Dispersions 
i.  Pores 

SEM  examinations  showed  the  presence  of  two  types  of  pores  in  both 
new  and  old  pedigree  7050-T7451  plate  alloys.  The  pores  of  the  first  type 
were  usually  next  to  the  constituent  particles  and  they  appeared  as  the 
areas  where  sections  of  the  constituent  particles  have  been  pulled  out,  as 
shown  in  Figure  1.  An  EDX  (Energy  Dispersive  X-ray)  analysis  inside 
them  showed  either  matrix  with  a  high  concentration  of  Cu,  Ti,  or  Si  or 
the  presence  of  a  constituent  particle.  The  largest  pores  of  this  type  tend 
to  contain  cracks  inside  them  as  seen  in  Figure  2.  Pores  of  the  second  type 
are  generally  isolated  in  the  matrix  and  EDX  readings  showed  only 
matrix  composition  on  their  bottom.  In  most  cases  these  pores  were  roimd 
and  their  sizes  range  fium  4  pm  as  in  Figure  3  to  about  20  pm  as  in 

Figure  4. 

Quantitative  analysis  of  the  porosities  on  the  surface  sections  had  been 
carried  out  using  the  PC-based  image  analysis  system.  Results  are 
summarized  in  Table  3  and  they  show  that  the  average  pore  sizes  are  7.74 
pm  for  the  old  and  7.15  pm  for  the  new  pedigree  alloy.  The  average  pore 

volume  fractions,  assumed  equal  to  the  area  fractions,  are  0.074%  for  the 
old  pedigree  and  0.072%  for  the  new  pedigree.  The  volume  fraction  of  the 
pores  for  the  two  alloys  are  then  similar  with  the  slightly  lower  porosity 
levels  in  the  new  material.  These  values  are  higher  than  those  reported 
by  Magnusen  et  al.  [15]  for  the  same  materials.  We  believe  that  the 
discrepancies  are  due  to  the  differences  in  the  sample  preparation 
techniques  and,  as  a  result,  in  the  differences  in  the  number  of  detected 
pores,  pull-outs  assumed  as  pores,  etc. 

The  shapes  of  the  pores  were  also  analyzed  and  characterized  using 
the  methodology  described  in  Appendixes  1  and  2.  The  average  aspect 
ratios  were  1.54  and  1.55  for  old  and  new  pedigree  alloys  respectively 
which  they  suggests  that  the  pores  in  both  pedigrees  have  essentially  the 
same  shape. 
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The  spatial  distribution  of  pores  have  been  analyzed  using  the 
tessellation  method  [4].  Figure  5-a  shows  an  example  of  the  tessellation 
construction  for  the  pores  on  the  surface-section  at  quarter  depth  and 
Table  4  lists  all  characteristics  obtained  from  the  analysis.  The  most 
important  parameters  listed  in  the  Table  4  are  local  volume  fraction,  near 
neighbor  distance  and  nearest  neighbor  distance  -  these  quantities  can  be 
obtained  unambiguously  only  from  the  tessellations. 

To  classify  the  spatial  distribution  of  pores  we  used  following  indexes 

[1]: 


Q  _  Observed  Nearest  Neighbor  Distance 
Expected  Nearest  Neighbor  Distance 

^  _  Observed  Nearest  Neighbor  Distance  S.  Dev. 

Expected  Nearest  Neighbor  Distance  S.  Dev. 

where  the  expected  values  are  calculated  by  assuming  that  the  pores  have 
random  spacial  distribution.  For  the  pores  in  Figure  5-a  the  expected 
nearest  neighbor  distance  is  275±144  pm.  This  gives  Q  =  1.22  and  R  = 

1.45  which  suggests  that  the  distribution  of  pores  in  Figure  5-a  can  be 
classified  as  regular  with  clusters.  This  is  a  preliminary  result,  and  we 
are  in  the  process  of  accumulating  more  data  to  improve  the  statistics. 

The  problem  which  we  are  facing  is  the  need  for  scanning  large  areas 
under  high  magnification;  this  assures  pore  detection  and  at  the  same 
time  gives  good  representation  of  the  pore  spatial  distribution. 
Unfortunately  this  process  is  very  tedious  and  time  consuming  as  it 
requires  construction  of  large  composite  maps  from  several  smaller 
micrographs. 

ii.  Constituents 

The  constituent  particles  were  also  investigated  using  SEM,  optical 
microscopy  and  EDX  techniques.  The  analysis  showed  presence  of  two 
types  of  particles  in  both  characterized  alloys.  The  particles  of  the  Hrst 
type  were  Al7Cu2Fe  constituents.  They  appear  as  clusters  of  stringers  of 

various  lengths  and  shapes  as  shown  in  Figure  6.  The  second  type  of 
constituents  have  been  identified  as  AlxMgxSi^.  These  particles  also  form 

stringers,  but  their  surfaces  were  smooth  and  without  clusters  as  in 
Figure  7.  We  also  observed  number  of  cracks  in  the  constituents  of  both 
types.  Although  some  of  the  constituents  cracking  took  place  during 
polishing  process  we  have  no  doubt  that  the  majority  of  the  cracking  took 
place  during  thermo-mechanical  processing  of  the  alloys.  This  observation 
is  again  the  first  report  on  the  cracked  constituents  in  the  7050-T7451 
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alloy  that  we  are  aware  of.  We  are  currently  estimating  the  frequencies  of 
the  cracked  particles. 


The  average  sizes  for  both  constituent  types,  measured  again  on  the 
surface  sections,  were  8.38  pm  for  the  new  pedigree  and  8.21  pm  for  the 

old  pedigree  alloy.  Table  5.  The  constituent  area  fractions  were  0.88  % 
for  the  old  pedigree  and  0.65  %  for  the  new  one  -  this  change  is  the  most 
significant  improvement  in  the  new  7050-T451  plate  alloys  which  came 
out  from  our  microstructural  analysis.  The  particle  sizes  and  area 
fractions  obtained  in  this  study  were  also  slightly  higher  than  those 
reported  by  Magnusen  et  al.[15].  As  before  we  attribute  these  differences 
to  the  different  sampling  techniques. 

The  analysis  of  the  constituent  shapes  showed  that  the  particles  in  the 
old  alloy  had  aspect  ratio  1.75  while  for  the  constituents  in  the  new  one  it 
was  1.67,  Table  5.  This  indicates  that  the  constituents  are  elongated, 
ellipsoidal  in  shape  and  that  they  are  oriented  in  the  rolling  direction  [4]. 
This  is  illustrated  in  Figures  6  and  7  which  show  clusters  and  strings  of 
the  constituents  along  tiie  grain.  However,  we  have  also  observed 
instances  of  isolated,  round  and  slightly  oval  constituent  particles  as  well. 

The  spatial  distribution  of  the  constituents  has  been  also  analyzed 
using  the  tessellation  method.  The  results,  for  the  same  area  as  for  the 
X)ores  discussed  earlier,  are  shown  in  Figure  5-b  and  they  are  summarized 
in  Table  5.  There  are  155  constituents  in  the  test  area  which  corresponds 
to  the  expected  nearest  neighbor  spacing  of  66.1±34.6  pm.  The  Q  and  R 

values  are  then  0.93  and  0.92  respectively  which  suggests  that  the 
constituents  are  clustered. 

iii.  Precipitates 

Reliminary  TEM  examination  of  the  new  pedigree  7050-T7451  alloy 
showed  that  the  microstructure  of  precipitate  was  similar  to  that  of  the 
overaged  7075.  The  diffraction  patterns  taken  to  identify  the  phases 
present  were  identical  to  those  obtained  by  Park  and  Ardell  [16].  The 
most  common  precipitate  phases  present  in  the  alloy  were  identified  as  T|', 

Tj,,  Tjj  and  Ti4.  The  precipitate  phases  inside  the  grains.  Figure  8,  are  small 

ranging  from  5  to  45  nm  in  diameters,  however  the  majority  of  the 
particles  inside  the  grain  are  less  than  10  nm  in  size.  The  precipitates  on 
the  grain  boundaries  are  generally  larger  than  the  grain  precipitates  and 
vary  widely  in  size.  Most  of  the  grain  boundaries  contain  smaller 
precipitates  ranging  from  20  -  100  nm  in  size  (Fig.  9).  A  few  of  the  grain 
boundaries  contain  larger  precipitates  which  range  from  100  -  250  nm 
(Fig.  10).  Examination  of  the  grain  boundary  precipitates  on  a  boundary 
inclined  to  the  foil  surface  showed  that  the  precipitates  are  hexagonal  in 
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shape.  Figure  1 1.  Further  study  of  grain  boundary  precipitate  will  have 
to  be  done  to  see  if  this  morphology  is  common.  Precipitate  free  zones 
have  been  also  observed.  Figure  12,  and  the  measurements  of  their 
characteristics  are  in  progress. 

E.  Modeling 

Our  theoretical  efforts  have  been  limited  to  the  literature  survey  of  the 
available  stochastic  life  prediction  models  and  to  the  development  of  a 
preliminary  Markov  chain  model.  We  base  our  approach  on  the  work  by 
Bogdanov  et  all  [17],  Provan  [18  ]and  Miller/de  los  Rios[19-21].  We  assume 
that  the  distribution  of  fatigue  lives,  for  the  identical  loading  conditions, 
depends  on  the  local  microstructural  fluctuations  due  to  the  flaws,  varying 
grain  shapes,  sizes  and  orientations,  distributions  of  the  second  phase 
particle  volume  fractions,  sizes  and  spacings,  operating  crack  closure 
mechanisms,  etc.[22*28].  A  cumulative  effect  of  all  above-mentioned  factors  is 
a  time  to  failure  distribution  curve,  with  the  different  microstructural 
features  affecting  different  parts  of  that  curve.  For  instance,  in  aluminum 
alloys  large  porosities  and  non-deformable  particles  control  general  shape  of 
the  distribution  curve  and  particularly  its  shape  for  the  short  failure  times. 
On  the  other  hand,  for  the  same  alloys  the  precipitates  and  grain  structure 
control  the  shape  of  the  tail  of  the  distribution  curve.  Other  factors,  most 
noticeably  crac^  closure,  can  shift  whole  curve  to  the  longer  or  shorter  times. 
We  are  in  the  process  of  evaluating  the  probabilities  of  the  fatigue  crack 
formation  and  propagation  due  to  the  different  microstructural  futures 
present  in  the  7050  alloys.  At  the  same  time  we  are  also  working  on  the 
correlation  of  the  parameters  of  the  three-parameter  Weibull  fatigue  life 
distribution  curve  with  the  distributions  of  the  microstructiural 
characteristics. 


F.  Summary  of  the  Technical  Accomplishments 

Emphasis  during  the  reporting  period  was  on  the  characterization  of 
the  starting  microstructures  in  the  "high"  and  "low"  porosity  7050-T7451 
commercial  plate  alloys  as  a  function  of  the  distance  from  the  surface  and  on 
the  calibration  of  all  quantitative  microscopy  techniques.  Up  to  date  the 
characterization  of  the  grain  structures,  constituent  particles  and  pores  on 
the  sections  parallel  to  the  plate  surface  have  been  performed  and 
supplemented  with  the  preliminary  TEM  studies.  In  case  of  the  grain 
structures  the  measurements  have  been  made  using  a  new  variation  of  the 
linear  intercept  method.  This  techniques  is  ideally  suited  for  detecting 
microstructural  inhomogeneities.  The  grain  structure  measurements  show 
that  the  recrystallization  level  changes  from  zero  at  the  surface  to  about  20% 
in  the  center  depth  of  the  plates.  The  unrecrystallized  grain  sizes  are  in  the 
85  to  240  pm  range,  while  recrystallized  grains  at  the  mid-depth  are  about  40 
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Hm  in  size.  The  volume  fractions  and  sizes  of  both  the  particles  and  the  pores 

have  been  measured  using  standard  methods  and  tessellation  technique.  The 
average  sizes  of  pores  are  7.74  pm  for  old  pedigree  alloy  and  7.15  pm  for  the 

new  pedigree  material  with  the  corresponding  area  fractions  of  0.074%  and 
0.072%.  The  sizes  of  constituent  particles  are  8.38  and  8.21  pm  and  area 

fractions  are  0.88%  and  0.65%  for  the  old  and  new  pedigree  alloys 
respectively.  Preliminary  results  from  the  tessellation  analysis  showed  that 
the  pores  have  regular  spatial  distribution  with  clusters.  For  the  constituent 
particles,  the  distribution  was  clustered.  A  number  of  the  constituent 
particles  have  cracks.  The  measurement  of  the  frequencies  of  the  cracked 
particles  are  currently  in  progress.  The  observations  on  the  changes  in  the 
recrystallization  levels  from  the  center  to  the  surface  and  on  the  cracked 
particles  are  the  first  observations  of  this  type  for  7050-T7451  plate  alloys 
that  we  are  aware  of. 

G.  Future  Effort 


1.  Complete  characterization  of  the  7050-T7451  plate  alloys  including 
characterization  of  the  fractiire  surfaces,  damage  in  the  fatigued  samples, 
dislocation  structures  and  textures. 

2.  Formulate  preliminary  life  prediction  models. 

3.  Start  characterization  of  the  8090  alloys. 
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Table  1.  Characteristics  of  Grains  in  A1  7050-T7451  Alloys 


Surface 

Quarter 

Center 

dOim) 

unrecryetal 

lized 

d(nm) 

unreoystal 

lized 

d(pm) 

reoystallis 

ed 

% 

recrystalliz 

ation 

d(pm) 

unrecxystal 

lized 

d(pm) 

recrystalliz 

ed 

% 

reczystalliz 

atioD 

Old 

Pedigree 

191.22 

239.34 

24.18 

1.0 

114.45 

37.85 

17.5 

New 

Pedigree 

85.26 

131.05 

43.77 

21.8 

148.55 

45.03 

22.2 

Table  2.  Characteristics  of  the  Grain  Shapes  and  Orientations 
in  the  Middle  Sections  of  the  7050-T7451  Plate  Alloys 


Alloy 

Pedigree 

Recryst. 

I^vel 

Aspect 

_ Ratio _ 

^1.2% 

Alignment 

Gllinsnidal 

_ a _ 

_ h _ 

_ c _ 

New 

_ 9.71 _ 

warn 

Old 

Recrvst. _ 

41.44 _ 

IHfflili 

IRRHI 

Table  3.  Characteristics  of  the  pores  and  constituents 
in  the  7050-T7451  alloy 


Pores 

Particles  I 

Area  % 

Average  d 
(pm) 

Aspect 

Ratio 

Area% 

Average  d 
(pm) 

Aspect 

Ratio 

155  Old 
Pedigree 

0.074 

1.54 

0.88  ±  0.1 

1.75 

157  New 
Pedigree 

0.072 

7.15  ±  4.89 
(n=93) 

1.55 

0.65  ±  0.3 

1.67 

(n  is  iiie  total  number  of  pores  or  particles  measured.) 
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Table  4.  Results  of  the  Tessellation  Analysis  for  the  Porosities 
in  the  New  Pedigree  7050-T7451  Plate  Alloy 
(Surface  Section,  Quarter  Depth) 


Average 

Minimum. 

Maximum 

St.  Dev. 

Geom.Av. 

Median 

Near-Neighbor. 

(urn) 

689. 

42.7 

1150 

283. 

578. 

782. 

Nearest-Nbr.  Oim) 

336. 

42.7 

570. 

209. 

241. 

373. 

Local  V.F.  % 

.053 

.021 

.112 

.034 

.045 

.037 

161. 

54.6 

400. 

125. 

126. 

127. 

.311 

.120 

.550 

.140 

.283 

.269 

9.29 

1.25 

19.4 

5.37 

7.52 

9.08 

13.0 

7.62 

21.9 

5.02 

12.1 

12.9 

1  Part.  Aspect  Ratio 

2.39 

1.03 

11.2 

3.33 

1.62 

1.25 

32.7 

-180. 

180. 

1  Particle  Orient.  (O) 

90.0 

180. 

1  Cell  Sides  No. 

[BUI 

Bin 

Table  5.  Results  of  the  Tessellation  Analysis  for  the  Constituent  Particles 
in  the  New  Pedigree  7050-T7451  Plate  Alloy 
(Surface  Section,  Quarter  Depth) 


Average 

Minimum 

Maximum 

St.  Dev. 

Geom.Av. 

Median 

Near-Neighb. 

(Min) 

144. 

15.4 

418, 

77.3 

121. 

154. 

Nearest-Nbr.  (pm) 

61.4 

15.4 

170. 

31.9 

53.9 

55.1 

Local  V.F.  % 

1.42 

.042 

15.6 

2.19 

.752 

.760 

180. 

9.10 

1860 

243. 

112. 

109. 

.0180 

.00184 

.1480 

.0142 

.0150 

.0160 

7.19 

2.70 

23.0 

2.78 

6.78 

6.82 

Particle  Len  Oim) 

11.0 

6.75 

42.3 

5.12 

10.3 

9.47 

Part.  Aspect  Ratio 

1.58 

1.00 

4.30 

.498 

1.51 

1.49 

Neighbor  Pos.(^ 

6.63 

-180. 

180. 

Particle  Orient,  f®) 

88.3 

180. 

Cell  Sides  No. 

5.77 

15.0 

15 
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Figure  1.  A  t3rpical  pore  associated  with  the  broken  constituent  particle. 


Figure  2.  A  close-up  of  the  inside  of  the  pore  with  a  broken  constituent 
particle  on  the  bottom. 
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Date:  1-23-1392 

Hatarial:  7050-17451  Plata 

Sanpla:  590157  <nau  qiialitu> 

Cotwtents:  Pores,  Ifmaitudinal-quarter 


Date:  1-23-1992 

nateriai:  7050-T7451  plate 

Sanple:  590157  <new  quality) 

Connents:  Constituent,  longitudinal-quarter 


Figure  6.  An  example  of  the  tessellation  construction  for  (a)  porosities 
(regular  distribution  with  clusters)  and  (b)  constituent  particles 
(clustered  distribution)  -  the  area  is  the  same  for  both  a  and  b.  (7050- 
T7461  alloy,  plane  parallel  to  the  surface,  quarter  depth) 


=  0.051% 


- 1 

«  0.996% 
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Figure  7.  Characteristic  stringer  of  the  constituent  of  the  AlxMgxSi^  type. 


Figure  6.  A  cluster  of  stringers  of  the  Al7Cu2Fe  constituents. 
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150  nm 

Figure  11.  Dark  field  image  of  precipitates  on  boundary  inclined  to  foil 
surface. 
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385  nm 

Figure  12.  Bright  field  image  showing  precipitate  free  zone. 
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APPENDIX  1 


QUANTTTATIVB  ANALYSIS  OF  HETBROGENBOUS  GRAIN 
STRUCTURES  ON  PLANE  SECTIONS 

Jimin  Zhang,  Aonetta  J.  LuAvano  and  Mank  A.  Arzystupa 

Department  of  Materiala  Sdenoa  and  Engineering,  University  of  California 
Los  Angeles,  CA  90024,  USA 


Introduction 

Since  most  of  the  engineering  materials  have  heterogeneous  grain  structures,  their  complete 
quantitative  description  must  include  not  only  the  average  values  of  grain  sizes  but  also  contain 
some  quantification  of  their  shapes  and  orientations.  The  standard  procedure  used  in  these 
characterizations  usually  involves  measurement  of  the  linear  intercepts  on  the  plane  sections  and 
then  oonversian  of  the  intercept  values  to  the  grain  sizes,  shape  factors,  etc.  [1, 2].  Depending  on 
the  idealized  grain  model  used  in  the  conversitm,  one  obtains  either  three  or  two  dimensional  grain 
desar4>tloD*>  and  the  variation  ot  the  grain  structure  is  described  either  by  the  standard  deviations 
or  by  the  distribution  plots. 

Among  all  grain  characteristics  the  shape  is  the  most  elusive.  The  prevailing  approadi  in  its 
diaradatization  is  to  use  arbitrarily  defined  shape  factors.  The  quantity  most  often  used  for  this 
purpose  is  tiu  ratio  <rf  the  grain  or  partide  area  to  the  square  of  its  perimeter  [8].  Other  definitions 
vi  Ampe  factor  indude  ratios  of  the  feature  area  to  the  area  of  a  circumscribed  drde  or  rectan^e, 
aspect  ratios  of  the  drcumacrBwd  rectangle  and  ratios  of  variously  defined  length  and  width  values 
[4,6].  All  these  descriptions  hara  been  extensively  discussed  by  Underwood  [1]  and  Ddioffetal. 
12]. 

In  this  work  we  are  oonoemed  with  the  measurements  of  the  diaracteristics  uf  heterogeneous  grain 
structures  on  the  plane  sections,  that  is  with  the  measurement  of  the  parameters  vdiidi  are 
important  in  the  modeling  of  mechanical  properties  or  in  characterizing  the  extent  and  nature  of 
the  prior  thermo-medianical  processing.  Our  epproach  is  based  on  the  measurement  of  the  linear 
intercepts  on  the  plane  sections  and  uses  plots  of  the  average  intercept  length  vs.  intercept  scan 
angle  to  characterize  structural  inhomogeneities.  These  plots  have  been  already  proven  useful  in 
characterizing  oriented  grain  structures  [6].  In  vdiat  follows  we  first  test  the  sensitivity  of  the 
method  by  deriving  theoretical  relationships  between  the  average  intercept  length  and  the 
intercept  scan  angle  for  simple  geometrical  shapes.  We  then  show  how  to  obtain  the  information 
about  the  grain  size,  aspect  ratio  and  shape  from  the  intercept  length  vs.  angle  plots.  Finally  the 
versatility  of  the  method  is  illustrated  in  the  analysis  of  the  grain  structure  of  the  7050-T7 
aluminum  alloys  with  partially  reoTstallized  structure. 

Theoretical  Models 


Let  us  start  from  defining  an  average  intercept  length,  I>/a),  as  an  average  of  all  intercepts 
obtained  from  a  set  of  parallel  test  lines  drawn  at  angle  a  through  a  two  dimensional  object  The 
relations  between  these  averages  and  the  scan  angles  are  easy  to  derive  and  they  are  compiled,  for 


simple  geometrical  shapes,  in  Table  I  [7].  Figure  1  shows  variation  of  the  normalized  average 
intercept  lengths,  d  (»  vs.  a  for  a  circle,  selected  regular  polygons  and  a  rectangle  (a  =  0 

for  the  direction  corresponding  to  the  maximum  average  intercept  length,  The  curves  have 

some  interesting  features.  First,  the  average  intercept  length  is  a  periodic  func^on  of  a  with  a 
period  2]0i  (n  is  the  number  of  sides  of  a  regular  polygon).  Second,  it  is  possible  to  show  that  the 
amplitudes  of  these  curves  decrease  with  n  and  that  they  are  proportional  to  cos(K/n)  [7].  Finally, 
for  a  rectangle  the  value  of  d  at  90”  is  equal  to  the  aspect  ratio.  This  property  is  further  illustrated 
in  Figure  2  which  shows  curves  for  rectangles  with  different  aspect  ratios,  and  in  Figure  3  sriiich 
shows  similar  plots  for  a  circle  and  ellipses  (b  and  a  are  either  height  and  width  or  minor  and  major 
axes  respectively).  In  the  case  of  ellipses,  as  for  rectangles,  the  normalized  average  intercept 
length  d  changes  with  the  scan  angle  and  the  aspect  ratios  can  be  also  deduced  from  the  plots  [7]. 
The  d  vs.  a  curves  are  then  ideal  for  finding  about  the  average  shape  and  the  aspect  ratios  of  the 
measured  features. 

Another  useful  property  of  the  d  vs.  a  curves  is  that  they  can  be  used  to  calculate  the  global 
average  of  all  intercept  lengths  for  all  angles,  which  is  as  a  measure  of  the  object  size.  This 
average  is  equal  to: 

/ff(a)  da 
0 

or,  equivalently,  to: 

jc4 

(la) 

where  a,  is  the  curve  period,  ff(a)  is  a  projection  of  the  measiired  shape  on  the  direction 
perpen<hcular  to  the  scan  lines,  A  is  figure  area  and  its  perimeter  [1].  The  d  vs.  a  plots  also 
suggest  that  the  shape  index,  SI,  (defined  as  the  normalized  area  under  the  curve): 

o 

Sl-^fdda  (2) 

'0 

will  be  a  sensitive  measurement  of  the  differences  in  the  grain  shapes.  Indeed,  it  is  equal  to  1  for  a 
circle  and  decreases  to  0.9485  for  regular  octagon,  to  0.9085  for  hexagon  and  to  0.7936  for  square. 
For  the  rectangles  and  ellipses  SI  inoreases  with  b/a  and  for  b/a  =  1  it  reaches  the  values  for  square 
and  circle  respectively.  The  d  vs.  a  curves  for  more  complex  shapes,  such  m  elongated  polygons 
with  different  number  of  sides,  have  identical  properties  and  can  be  also  used  in  the 
characterizations  of  grain  structures  [7]. 

Although  thus  far  £,  and  SI  have  been  defined  for  specific  shapes,  they  can  be  also  used  for 
characterizing  either  regular  grids  of  simple  figures  or  oriented  grain  structures  modeled  as 
polygons,  ellipses,  etc.  In  these  cases  the  d  vs.  a  plots  have  the  same  chsu^cteristics  as  a  plot  for  a 
single  element  if  the  sfructure  is  perfectly  aligned.  If  grains  have  the  same  shapes  but  are  not 
aligned,  then  their  d  vs.  a  curves  exhibit  phase  difference  and  integrations  in  Elqs.  1  and  2  have  to 
be  carried  out  from  0  to  x.  For  such  structures  the  value  of  L,  remains  the  same,  but  the  SI  will  now 
reflect  both  the  grain  shape  and  the  alignment  and  it  will  be  greater  than  that  for  a  corresponding 
perfectly  aligned  structure.  In  the  limiting  case  of  randomly  oriented  identical  non*spherical 


grains,  the  </  vs.  a  is  a  horizontal  line  and  the  SI  is  equal  to  one.  For  such  random  structures  the 
grain  shape  characteristics  have  to  be  measured  individually  and  they  can  not  be  obtained  from 
the  globally  measured  intercept  values. 

In  order  to  fhlly  characterize  the  grain  structure,  one  also  needs  to  quantify  grain  orientation  or 
alignment.  ‘Die  simplest  parameter  for  *bi<«  purpose  is  the  ratio  of  the  average  intercept  lengths  for 
0  and  9(F,  i.e.  L,((r>0)/Z*,(a-M).  A  more  preciae  parameter,  vdiich  we  are  going  to  use  in  this  work, 
is  the  ratio  of  the  total  length  of  oriented  lines  to  the  total  length  of  all  lines,  £l,j.  This  ratio  was 
introduced  by  Saltykov[6]  and  for  our  case  is  equal  to  [1, 6]: 

4(a-o)-Z.,(tt-9o) 

L,(a-o)  + 0.5771,(0-90) 

The  value  of  is  zero  for  random  structure  and  approaches  one  for  structure  with  highly 
oriented  and  elongated  grains. 


Experimental 

The  material  used  to  test  the  proposed  method  was  partially  recrystallized  aluminum  7050>T7 
plate  alloy.  The  metallographic  specimens  used  in  the  aiudysis  were  prepared  by  grounding  on  600 
grit  sandpaper,  and  then  polished  using  9  pm  alumina  powders  and  finally  3  pm  diamond  paste. 

All  samples  were  etched  using  Keller’s  SA  etdumt  for  20  to  46  seconds  to  reveal  grain  and  subgrain 
boundaries  respectively.  Several  photographs  at  magnifications  lOOX  and  600X  have  been  taken  to 
study  the  grain  structures.  These  photographs  were  scanned  and  saved  as  conqniter  image  data 
files  for  the  axudysis  by  a  linear  intercept  program.  The  program  automatically  measures  intercept 
lengths  using  scan  angles  fi^>m  0  to  180”  from  the  horizontal  axis,  and  then  calculate  average 
intercept  lengths,  shape  indices,  aspect  ratios,  size  distributions,  etc.  All  calculations  take  several 
minutes  on  a  PC>based  system. 


Results  and  Discussion 

The7050-T7  alloy  is  an  ideal  material  to  test  the  proposed  method.  It  has  both  recrystallized  and 
unreoystallized  grains  and  in  addition  all  unreaystallized  grains  have  networks  of  well  defined 
subgraiiu.  Although  the  all<9  shows  different  grain  structures  on  all  three  h,  S  and  T  sections, 
only  grains  and  subgraiiu  on  longitudinal  planes  were  characterized  in  this  study.  Figures  4  and  6 
show  representative  microstructures  used  in  the  analysis.  The  micrographs  were  taken  firom  the 
middle.  Figure  4,  and  top.  Figure  6,  sectioiu  of  the  plate.  Figure  4  shows  evidences  of  partial 
recrystallization,  while  recrystallized  grains  are  absent  in  Figure  6.  This  indicates  that  the 
firaction  of  the  recrystallized  grains  changes  from  the  top  of  the  plate  to  the  middle  (Note  that 
sample  in  Figure  6  was  etched  for  a  short  time  to  reveal  grain  botmdaries  only). 

Both  recrystallized  and  unrecrystallized  grains  and  subgrains  have  different  characteristics  and 
have  been  measured  separately  to  evaluate  the  sensitivity  of  the  proposed  method.  The 
measurements  showed  that  the  average  intercept  length,  Lg,  was  97.6  pm  for  the  unrecrystallized 
grains,  72.6  pm  for  the  recorstallized  grains  and  6.9  pm  for  the  subgrains.  Figure  6  shows 
distributions  of  the  intercept  lengths:  they  differ  not  only  in  their  averages  but  also  in  the  scatter. 
The  distribution  for  the  subgrains  is  very  narrow  and  well  defined  while  those  for  the 
reaystallized  and  unrecrystallized  grains  have  considerable  spread.  The  interesting  feature  of  the 
distribution  for  unrecrystallized  grains  is  presence  of  two  diffused  mariiriB  which  give  rough 
estimate  of  the  average  grain  width  and  length. 


Figure  7  shows  d  vs.  a  curves  for  all  three  types  of  grains.  Hie  shape  indices,  SI,  are  0.811  and 
0.886  for  the  unrecrystallized  and  recrystallized  grains  respectively  and  0.920  for  subgrains.  As 
expected,  the  SI  for  the  unrecrystallized  grains  is  the  smallest,  which  indicates  that  they  are  the 
most  elongated.  This  is  further  supported  by  the  lowest  </„  value  for  these  grains.  A  surprisingly 
high  SI  and  46”  periodicity  of  the  curve  for  subgrains  can  be  attributed  to  the  preferential 
alignment  of  subgrain  boundaries  at  either  0  or  45”.  This  results  in  a  structure  which  can  be 
approximated  as  two  arrays  of  squares  rotated  by  46”.  Such  a  structure  has  shape  factor  0.930, 
which  is  very  dose  to  the  observed  value.  It  should  be  again  emphasized  that  in  addition  to 
representing  the  normalized  average  intercept  lengths  the  5/ values  also  characterize  the 
randomness  of  the  structure  •  the  higher  the  value,  the  more  random,  or  isometric,  is  the  structure. 
Consequently,  in  order  to  characterize  the  orientation  and  average  grain  shape  in  the  isometric 
microstructures,  it  is  necessary  to  calculate  the  S7for  eocA  grain  individually  and  then  use  obtained 
data  to  deoonvolute  the  global  jifinto  the  orientation  cmd  shape  components  [7]. 

Also,  the  aspect  ratio  <//</„  was  1.324  for  the  unrecrystallized  grains  and  1.164  for  the  recrystallized 
ones.  The  reason  for  the  difference  is  that  the  recrystallized  grains  are  more  equiaxed.  The  aspect 
ratio  for  subgrains  was  the  smallest  and  equal  to  1.054. 

As  to  the  grain  alignment,  the  orientation  parameter  £i,j  was  17.1%  for  the  unrecrystallized 
grains,  8.9%  for  the  recrystallized  ones  and  3.3%  for  the  subgrains.  These  values  again  indimto 
that  both  subgrains  and  recrystallized  grains  had  practically  no  preferred  orientation  while 
unrecrystalUzed  grains  were  oriented  only  sli^tly.  This  is  in  agreement  with  the  finding  based  on 
the  dvaa  curves  which  further  indicates  the  consistency  of  the  method  and  its  usefulness  in 
precise  characterization  of  the  grain  structures. 

Conclusions 

1.  Theoretical  models  for  calculating  the  change  of  the  average  intercept  lengths  with  the 
angles  for  simple  geomebical  shapes  have  been  developed.  These  mcxlels  can  be  used  to  study 
relations  between  various  shapes  and  their  average  intercept  lengths,  aspect  ratios  and  shape 
indices.  They  ccm  be  also  applied  to  the  characterization  of  the  heterogeneities  in  the  partially 
aligned  micaustiuctures  of  single  or  multiphase  allo}ra  and  composites. 

2.  The  grain  structures  of  partially  reczystallized  aluminum  7050-T7  alloy  have  been  chprartArirnH 
using  proposed  methodology.  Both  reczystallized  and  unrecrystallized  grains  and  subgrains 
have  been  studied.  The  method  allowed  for  the  quantification  of  minute  differences  in  sizes, 
shapes  and  preferred  orientation  of  all  grain  and  subgrain  types. 

3.  The  plots  of  average  linear  intercept  vs.  scan  angle  provide  qucmtitative  information  on  grain 
sizes,  shapes  and  orientation  needed  in  the  modeling  of  mechanical  properties  anchor  in  the 
characterization  of  the  extent  of  thermo>mechanical  processing.  Since  Aese  plots  contain 
information  about  both  grain  shapes  and  orientation,  they  are  most  useful  for  quantifying 
differences  between  partially  aligned  structures.  A  more  detailed  description  of  the  individual 
grain  shapes  is  needed  for  the  characterization  of  the  structures  of  randomly  oriented  grains. 
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Table  1.  Compilation  of  Expression  for  Average  Intercept  Lengths  for  Selected  2-D  Rgures 
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Theoretical  Models  for  Quantitative  Analysis  of  Grain  and  Particle  Shapes 
Jimin  Zhang,  Annetta  J.  Luevano  and  Marek  A.  EVzystupa 
Department  of  Materials  Science  and  Engineering,  University  of  California,  Los  Angeles,  CA  90024,  USA 

INTRODUCTION 

Mechanical  properties  of  crystalline  materials  depend  strongly  upon  the  sizes  of  grains  ancVbr  second 
phase  particles.  However,  for  heterogeneous  materials,  such  as  those  with  varying  grain  sizes,  two- 
phase  aggregates  and  composites,  other  variables  such  as  size  distribution,  aspect  ratio,  shape  factor 
and  local  volume  fraction  play  important  roles  in  controlling  their  mechanical  properties.  It  is 
therefore  necessary  to  characterize  both  the  sizes  and  the  shapes  of  grains  anchor  particles  in  order  to 
correlate  the  microstructure  and  the  mechanical  behavior  of  the  matArialA.  Since  analysis  of  such 
microstructure  normally  involves  extensive  work,  methodology  combining  the  mathematical  models 
and  computerization  of  quantitative  metallography  h«a  very  practical  significance. 

This  work  extends  the  analysis  of  the  shape  index  based  on  the  linear  intercept  method  introduced  by 
Zhang  et  al[l].  The  polar  plots  of  d-ct  ctuves  and  the  shape  indices  for  regular  polygons  are  treated 
here  to  conqrlete  the  theory.  Various  mathematical  models  for  elongated  polygons  are  proposed  to 
describe  the  different  shapes  commonly  encountered  in  engineering  materials.  It  is  also  shown  how 
the  global  shape  index  mentioned  in  our  previous  peq>er[l],  can  be  deconvoluted  into  shape  and 
orientation  components;  an  example  is  given  in  this  paper.  A  new  parameter  to  describe  orientation 
of  the  grains  structures  is  also  defined  and  used  to  characterize  the  selected  microstructure  in  A1 
7050  alloy.  These  models  provide  theoretical  bases  for  automation  of  quantitative  analyses  of  shapes, 
sizes  and  orientations  of  the  grains  and/or  particles.  In  addition,  the  method  has  potential 
applications  in  fracture  profile  analysis  [2]  and  other  image-related  areas. 

THEORETICAL  MODELS 

1.  Intercept  Length 

The  average  intercept  length  L^a)  of  a  two  dimensional  shape  at  a  scan  angle  a  can  be  defined  as 

(1) 

where  L2(ol)  is  the  average  value  of  all  the  intercept  lengths  at  given  scan  angle  a,  /I  is  the  area  of  the 
shape  and  H(ct)  is  the  tangent  height  at  oi,  i.  e.  a  projection  of  the  measured  shape  on  the  direction 
perpendicular  to  the  scan  lines.  Since  if  is  a  constant  for  a  gdven  shape,  the  L2(ct)  is  only  function  of 
tangent  height  of  the  shape.  If  average  value  of  Ljj  over  eJl  the  scan  angles  are  considered,  then 
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Substituting  n=  v/hxi  into  (3)  gives 
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In  case  of  convex  shapes,  J//(a)  da  1^,  thu8[3] 
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where  Lp  is  the  perimeter  of  the  measured  feature. 

The  expression  for  the  intercept  length  for  triangle,  rectangle,  ellipse  and  regular  polygons  are 
derived  first  uring  Bq.  (1).  These  fonns  are  the  simplest  geometric  shapes  (square  and  drde  can  be 
viewed  as  special  cases  for  rectan^e  and  ellipse  respectively)  and  will  be  used  as  the  bulding  blocks 
for  more  complicated  shapes. 

Trian^  is  the  first  gemnetric  shape  to  be  anal3rzed  due  to  its  simplicity.  For  an  equilateral  triangle 
with  side  length  a,  the  relation  between  L^d)  and  a  is: 
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Once  the  formulae  for  triangles  are  obtained,  they  can  be  used  as  elements  for  the  more  caiiq>licated 
shapes.  For  instance,  a  rectanj^  can  be  viewed  as  a  combination  of  two  triangles  and  a  hexagon  as  of 
six.  For  a  shape  oonristing  m  simple  shapes,  the  formula  for  the  intercept  length  L^a)  is 
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The  application  of  equation  (8)  is  quite  general  because  many  complicated  shapes  can  be  fonned  by 
subtracting  aae  shape  finom  another.  For  exanq>le,  a  ring  can  be  viewed  as  a  larger  circle  minus  a 
concentric  smaller  one;  in  these  eases  the  areas  of  inner  shapes  is  negative.  Consequently,  Eq.  (8) 
enables  one  to  characterize  any  concave  shapes  vdueh  can  be  decomposed  into  several  simple  ones. 

Another  important  feature  of  Eq.  (8)  is  that  the  position  of  inner  shape  (d,-  is  negative)  has  no  effect  at 
all  on  the  value  of  L2(a).  For  instance,  if  Eq.  (8)  is  applied  to  a  ring,  then  the  value  of  f.2(a)  woiild  be 
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the  same  no  matter  the  two  circles  are  concentric  or  not.  Furthermore,  if  the  shape  is  convex,  Eq.  (8) 
can  be  further  extended  to  the  average  intercept  length 
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The  intercept  length  >  rectangle  is  obtained  by  using  Eq.  (8)  as 
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where  a  and  b  are  the  width  and  height  of  the  rectangle  respectively.  Eq.  (10)  becomes  the  formula 
tor  a  square  when  a  =  b,i>  e. 
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Ellipses  are  another  group  of  shapes  studied  in  this  work  because  of  its  potential  application  in  the 
microstructural  characterization.  To  develop  expression  of  L2(a)  for  an  ellipse,  the  tangent  height, 

//(a),  in  Eq.  (1)  is  first  calculated  as: 
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where  a  and  b  are  the  major  and  minor  axes  of  the  ellipse.  The  intercept  length  L2^<x)  far  ellipse  is, 
after  substituting  Eq.  (12)  with  A  =  nab  into  Eq.  (1) 
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The  plot  of  </,  which  is  noimallized  X j(a),  vs.  a  for  ellipse  with  different  ratios  of  b/a  is  shown  on 

Figure  1.  It  is  interesting  to  note  that  the  normallized  average  intercept  length  d  is  a  function  of  both 

na  nb 

the  scan  angle  and  the  ratio  of  minor  to  major  axes,  L  e.  b/a.  Since  d  and  d  ~  ~p,  The 

aq>ect  ratio  defined  by  d  ^tptjd  is  the  same  as  the  ratio  of  a/b. 


Since  ESq.  (13)  is  true  for  the  shapes  varying  &om  a  perfect  circle,  where  a  =  b,  to  any  ellipse  with 
large  aspect  ratios,  it  can  be  used  to  characterize  any  shapes  which  are  ellipses-like. 

Eq.  (1)  can  be  now  applied  to  obtain  the  intercept  lengths  for  regular  polygons  in  general.  For  a 
regular  polygon  with  an  even  number  of  side  n,  the  area  of  the  polygon  is: 


A 


ncr 


4tan(^) 


(14) 


where  a  is  the  side  of  the  polygon. 
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The  intercept  length  L^a)  of  the  polygon  can  be  derived  as 

K 

/lacosM 

L2(a) - —  (15) 

¥co5(--a) 


It  should  be  noted  that  the  Eq.  (16)  is  strictly  valid  within  \0.  2it/n\,  and  it  is  a  periodical  function  of 
2n/n  outside  that  region. 

Figure  2  shows  the  d  versus  scan  angle  a  for  the  polygons  with  even  number  of  sides,  the  n  values 
adopted  are  4,  6,  8, 10,  12  and  20.  It  is  clear  that  both  the  amplitudes  and  periods  of  d  change  as  a 
function  of  n.  The  larger  the  n,  the  smaller  the  amplitude  and  the  shorter  the  period.  The  amplitude 
is  proportional  to  cos(n/n).  And  it  will  approach  zero  when  n  goes  to  infinity,  as  is  the  case  for  circles. 

Polar  plots  of  d-a.  for  rectangle,  hexagon  and  ellipse  were  shown  in  Figure  3, 4  and  6.  It  is  very 
interesting  to  note  that  d-a  plots  exhibit  the  same  diapes  as  the  real  figures  for  regular  polygons  and 
circle.  These  plots  also  give  a  graphical  description  of  the  shapes  studied  and  provide  the  best  way  to 
represent  a  shape.  The  polar  d-a  curves  for  rectangles  and  ellipses  are,  however,  slightly  different 
firam  the  original  shapes  and  they  show  as  diamonds  and  quasi-ellipses,  respectively. 

2.  Shape  Index 

Among  these  parameters  mentioned  above,  the  description  of  the  grain  or  particle  shape  is  the  most 
difficult  task  encountered  in  the  quantitative  analysis.  The  prevailing  approach  in  its 
characterization  is  to  use  arbitrarily  defined  shape  factors  or  shape  indices.  Many  models  of  shape 
factors  have  been  proposed  and  were  summarized  by  Underwood[4],  DeHoff  and  Rhines[6]  and 
Vocni[6].  Since  the  shape  factors  are  dimensionless,  their  definitions  involve  ratios  of  either  the 
areas  or  the  linear  dimensions.  For  exanq>le,  Hausner{7]  has  used  the  ratio  of  the  square  of  the 
particle  circumference  Lp  to  AkA  to  define  a  ehape  factor.  The  concept  of  shape  factor  is  also  used  in 

engineering  design  to  characterize  the  optimum  shape  of  structures  under  different  loading 
condition8[8,9] . 

It  is  evident  that  the  d-a  curve  discussed  above  offer  information  not  only  about  the  average  length 
but  also  about  the  shapes  of  the  forms.  This  promoted  us  to  define  a  shape  index,  SI,  of  a  form  as  the 
area  under  its  d-a  curve.  The  definition  of  SI  can  be  expressed  as  [1] 


Where  Up  is  the  period  of  the  d-a  curve.  The  shape  index  is  then  unity  for  circle  and  it  will  get 

smaller  as  the  form  becomes  less  circular.  From  above  definition,  the  shape  index  of  regular  polygons 
with  even  number  of  sides  is: 


n 

cos- 


n 


(17) 


Equation  (17)  is  plotted  in  Figure  6.  It  shows  that  SI  gets  greater  as  the  polygon  becomes  more 
circular.  The  SI  is  practically  equal  to  unity  after  n  >  20. 
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It  is  important  to  note  that  the  d-a  ciurves  of  regular  polygons  with  the  odd  number  of  sides  do  not  fall 
between  the  curves  for  its  neighboirs  with  even  number  of  sides.  Instead,  the  d<t  curve  for  equilateral 
triangle  is  exactly  the  same  as  that  of  the  regular  hexagon  and  d-a  curve  for  the  pentagon  is  identical 
to  that  of  the  decagon,  and  so  on.  This  results  from  the  fact  that  the  tangent  heights  are  the  same  for 
regular  polygons  with  odd  number  sides  and  polygons  with  twice  that  niunber  sides.  However,  the 
standard  deviation  of  L2C0L)  at  any  scan  angle  is  much  smaller  for  the  latter  than  for  the  former,  and 

this  can  be  used  as  a  differential  factor.  Another  potential  application  of  the  d-a  curve  is  that  it  can 
be  used  to  study  the  plastic  deformation  of  grains  by  comparing  the  shapes  of  the  curve  before  and 
after  plastic  deformation.  Since  the  analyzed  area  can  be  in  the  order  of  a  few  grains,  local  plastic 
deformation  can  be  characterized. 

3.  Models  for  Elongated  Pblygons 

In  general  the  aspect  ratios  of  grains  or  particles  in  question  are  not  equal  to  unity  as  the  grains  are 
elongated  in  certain  dimensions  after  plastic  deformation.  To  model  such  microstructures  formulae 
for  a  series  of  elongated  polygons  are  derived  in  this  work.  These  polygons  are  so  designed  that  they 
have  rectangle  in  the  middle  and  their  aspect  ratios  can  be  changed  by  varying  the  ratios  of  a/b  of  the 
rectangles.  Each  polygon  can  be  viewed  as  a  composition  of  several  rectangles  and  triangles,  and  they 
can  be  classified  as  elongated  pentagon,  hexagon,  heptagon  and  octagon.  Their  formulae  for  L^a)  are 

listed  in  the  Appendix.  These  models  can  be  used  to  characterize  the  grains  or  particles  with 
different  aspect  ratios.  Figures  7, 8  and  9  show  the  d-a  curves  for  these  polygons  with  different  b/a 
ratios.  The  length  a  in  all  the  polygons  is  1  to  facilitate  comparison.  The  intercept  length  </  is  a 
function  of  both  n  and  scan  angle  a.  The  bumps  in  the  curves  reflect  the  periods  of  the  original 
regular  polygons.  Another  interesting  point  is  that  the  d-a  curves  for  these  polygons  become  quite 
similar  to  one  another  when  b/a  is  below  0.6. 

4.  Orientation  Indices 

If  the  linear  intercept  method  is  applied  to  a  polycrystalline  material  with  many  grains,  then  it  is 
necessary  to  define  not  only  the  overall  SI^/,  ^e  integral  of  average  d  for  all  the  grains  along  certain 

angle  a,  but  also  the  shape  index,  SI,  for  each  grsdn.  If  two  grains  are  oriented  at  different  angles 
with  reqwct  to  the  scan  lines,  their  d-a  curves  will  have  a  phase  difference,  i.  e.  one  of  the  d-a  curve 
will  move  along  a  axis  for  an  angle  relative  to  the  other  one.  If  the  d  in  toted  d-a  ciirve  is  the  average 
over  all  grains  in  question,  then  the  SI^j  will  reflect  both  the  shapes  and  the  orientations  of  all  grains. 
If  all  the  grains  with  their  major  axis  oriented  same  way,  then  the  57,,//  will  be  the  sole  indication  of 
the  grain  shapes.  Otherwise,  the  SI^i  will  be  greater  than  those  of  perfectly  oriented  grains  and  it  will 

approach  unity  for  statistically  random  oriented  grain  structure.  Unless  all  the  grains  are  perfectly 
oriented,  one  should  then  calculate  the  SI  for  each  grain  individually  to  evaluate  the  grain  shapes  and 
combine  the  SI^/  to  evaluate  the  texture  of  the  major  grain  axes.  Since  d  and  orientation  for  all  the 
grains  in  a  polycrystal  material  are  in  general  quite  different,  we  define  d„  as  the  average  intercept 

length  of  m  grains  after  rotating  the  grains  and  aligning  them  along  their  major  axes.  Thus,  an 
average  shape  index  Slfjyg  can  be  defined  as: 

(18) 

0 

It  is  evident  that  Sl^^g  is  the  shape  index  without  orientation  effect  while  contains  infonnation  on 
both  shape  and  orientation.  Since  Sl^^g  represents  the  pure  effect  of  shapes,  one  can  thus 


deconvolute  the  effects  of  shape  and  orientation  effects.  Consequently,  an  orientation  index,  12,  is 
defined  as: 
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£2  = 


l-SI^y^g 


(19) 


For  a  random  oriented  structure,  will  tend  to  be  unity  and  £2  is  equal  to  zero,  and  for  a  perfectly 
oriented  structure  the  SI^u  is  equal  to  and  £2  is  unity.  Therefore,  one  can  use  £2  to  quantitatively 
describe  any  degree  of  randomness  using  the  scale  fix>m  zero  to  unity. 

To  test  the  orientation  index,  grids  of  rectangles  have  been  characterized  using  the  linear  intercept 
method.  For  a  grid  with  all  rectangles  of  same  size,  the  d-a  curve  is  exactly  the  same  as  the  model 
predicts  for  a  single  rectangle,  i.e.  SI^i  =  Sl^g  and  £2  =  /.  For  the  grid  consisting  of  rectangles  with 

different  sizes  but  same  aspect  ratio,  the  size  difference  affects  only  the  average  intercept  length, 
L^a).  If  d  vs.  a  curve  is  plotted,  the  two  grids  will  yield  the  same  result.  Thus  the  shape  index 

defined  here  is  independent  of  both  the  size  and  the  size  distribution  of  the  grains. 

A  case  of  two  rectangles  perpendicular  to  each  other  was  also  studied.  Fig.  10  is  the  d-tt  plots  for  each 
rectangle  and  for  the  overall  structure.  The  shape  index  for  each  rectan^e  is  0.66  and  for  the  vhole 
structure,  it  is  0.74,  a  32%  change  reflecting  orientation  difference. 

Finally,  we  note  that  the  orientation  index  defined  here  contains  information  about  pure  orientation 
of  the  major  axes  of  the  grains,  and  it  does  not  carry  any  information  about  the  crystallgraphic 
orientation  of  the  grains. 


EXPERIMENTAL 

The  grain  structure  of  A1 7050-T7  plate  alloy  has  been  used  to  test  the  proposed  models.  The 
specimen  preparation  technique  has  been  described  in  detail  by  Zhang  et  al[l].  The  material  has 
shown  different  grain  structures  along  all  three  L,  S  and  T  directions.  Figure  11  is  the  micrograph  on 
L  section  in  the  middle  of  the  plate.  All  parameters  defined  in  this  work  have  been  estimated  using  a 
computer  program  developed  specially  for  this  purpose. 

RESULTS  AND  DISCUSSION 

Subgrains  in  Fig.  11  have  been  characterized  individually  to  obtain  the  average  intercept  d  and  Z.//,  d- 
a  plot  and  SI.  Figure  12  is  the  plot  of  Slg]/  and  Sl^yg  for  the  subgrains  in  Fig.  11.  SI^n,  which  is  the 
area  under  the  </-a  ciuve,  is  larger  than  SIgyg  because  of  the  effect  of  different  grain  orientations.  The 
Slgji  is  0.83, 18%  increase  due  to  the  orientation  effect.  The  degree  of  orientation  can  also  be 
quantitatively  evaluated  based  on  SI^n  and  Sl^yg.  The  orientation  index,  £2,  defined  in  Eq.  (18)  is 
0.668. 

In  addition,  the  average  grain  aspect  ratio  was  also  obtain  fiom  the  same  plot.  Fig.  12.  The  aspect 
ratio  is  the  ratio  of  SIgyg  at  0  and  90**  and  it  is  equal  to  0.663  in  tiiis  case. 

The  models  of  elongated  polygons  and  elliirae  derived  above  have  been  also  used  to  characterize  the 
grain  structime  in  the  alloy  studied.  The  models  of  ellipse,  elongated  hexagon  and  octagon  were  used 
to  fit  the  data  by  the  least-square  method.  The  shape  index  of  the  microstructure  is  0.6998;  it  is  thus 
between  0.7120  of  an  ellipse  with  b/a  =  0.6222  and  0.6908  of  an  elongated  hexagon  with  b/a  =  0.8362 
and  0.6947  of  an  elongated  octagon  with  b/a  =  0.9072.  All  three  models  give  good  fit  to  the 
experimental  data  and  the  quantitative  description  of  the  shape  of  the  microstructure  can  be  obtained 
by  choosing  the  one  with  the  best  fit;  in  this  particular  case  the  octogon  model  is  the  best  of  the  three 
models.  Overall,  the  example  demonstrated  that  the  elongated  polygon  models  are  simple  and 
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effective  methods  to  quantitatively  characterizing  the  shapes.  Additionally,  since  the  technique  is 
independent  of  materials,  it  can  be  also  used  in  other  types  of  engineering  materials  or  in  any  shape 
and  orientation  related  problems. 

CONCLUSIONS 

1.  The  expressions  for  the  average  intercept  lengths  for  simple  geometrical  shapes  have  been 
developed.  These  models  can  be  used  to  study  the  effects  of  various  shapes,  both  convex  and  concave, 
on  the  average  intercept  length  and  aspect  ratio.  Both  x-y  plot  and  polar  plot  of  d-a  have  been  used. 
The  x-y  plot  provides  quantitative  measurement  of  the  grain  sizes  while  the  polar  plot  gives  graphic 
description  of  the  shapes.  The  models  can  be  applied  to  any  homogeneous  or  heterogeneous 
microstructures. 

2.  A  new  shape  index  has  been  defined  and  it  is  based  on  the  plot  of  the  average  intercept  length  vs. 
scan  angle.  The  shape  indices  of  simple  forms,  such  as  square,  rectangle  and  ellipse,  have  been 
calculated.  A  formula  for  the  shape  index  of  regular  polygons  has  also  been  derived.  These  shape 
indices  can  be  used  to  quantitatively  identify  the  shapes  of  grains  and  second  phase  dispersions. 

3.  An  new  orientation  factor,  Q,  has  been  introduced  by  utilizing  the  shape  indices  of  each  grain.  This 
factor  can  be  used  to  quantitatively  describe  the  degree  of  randomness  of  structiires. 

4.  Models  for  the  elongated  polygons  have  been  proposed  and  applied  to  the  characterization  of  the  Al- 
7050  plate  alloy.  The  analysis  showed  that  the  sizes  and  the  aspect  ratios  of  the  polygons  can  be 
easily  adjusted  to  suit  different  shapes  of  grains  and  particles. 
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Fig.  5.  Polar  plot  of  d-a  for  an  ellipse  with  b/a  -  0.4. 


Sides  of  Polygons,  n 

Fig.  6.  Shape  indices  of  regular  polygons  with  n  sides. 
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APPENDIX3 

PRECIPITATE  PHASE  IDENTIFICATION  AND  GRAIN  BOUNDARY  PRECIPITATE  CHARACTERIZATION  OF 
THE  ALUMINUM  ALLOY  7050  IN  THE  T7  TEMPER,  Annetta  J.  Luevano.  Jimin  Zhang  and  Marek  A.  Przystupa, 
Department  of  Materials  Science  and  Engineering,  University  of  California,  Los  Angeles,  CA  90024 

The  microstructure  of  7050  in  the  T7  temper  has  been  characterized  using  a  transmission  electron  microscope. 
Precipitate  phases  present  in  the  grains  and  on  the  grain  boundaries  have  been  identified.  The  precipitate  phases  present 
inside  the  grains  are  Tf'  and  if.  The  ratio  of  grain  boundaries  containing  precipitates  to  those  without  grain  boundary 
precipitates  has  been  calculated.  Grain  boundaries  containing  precipitates  have  also  been  characterized  as  to  whether 
they  are  low  angle  or  high  angle.  The  specific  variants  of  if  common  to  the  type  of  grain  boundary  have  been 
characterized  and  the  sizes  of  the  precipitates  have  been  measured.  The  density  of  precipitates  in  low  angle  grain 
boundaries  is  higher  than  that  in  high  angle  grain  boundaries,  while  the  precipitate  sizes  are  larger  in  the  latter.  The 
widths  of  the  precipitate  free  zones  (PFZ's)  present  in  the  alloy  have  been  measured  and  the  volume  fraction  of 
precipitates  in  the  PFZ's  has  been  calculated.  Any  differences  in  the  volume  fraction  of  precipitates  in  the  PFZ's 
associated  with  high  and  low  angle  grain  boundaries  will  be  discussed. 


QUANTITATIVE  EVALUATION  OF  GRAIN  SIZES  AND  SHAPES  OF  ALUMINUM  7050  ALLOYS,  Jimin  Zhang. 
Armetta  J.  Ludvano  and  Marek  A.  Przystupa,Department  of  Materials  Science  and  Engineering,University  of  California, 
Los  Angeles,  CA  90024 

Grain  sizes  and  shapes  of  aluminum  7050  alloys  in  T7  condition  have  been  investigated  using  im^e  analysis 
techniques.  The  alloy  was  partially  recrystallized  and  had  great  inhomogeneity  through  the  thickness  in  both  grain  sizes 
and  sh^s:  irregular  recrystallized  grains  and  pancake-shrqxd  unrecrystallized  grains  were  observed.  An  automated 
linear  intercept  mediod  was  used  to  measure  the  average  grain  sizes  and  the  spherical  harmonics  were  used  to  quantify 
the  grain  sha^  distributions.  Since  the  alloy  was  partially  recrystallized,  both  sizes  and  shapes  of  recrystallized  and 
uruecrystallized  grains  and  the  degree  of  recrystallization  were  measured.  The  system  used  in  the  measurements  can  take 
images  from  different  sources  and  is  suitable  for  characterization  of  grains,  second  phase  particles,  pores  and 
inhomogeneous  materials  such  as  composites.  The  advantage  of  this  system  is  that  it  gives  quantitative  results  and 
offers  a  multitude  of  information  of  how  the  material  was  processed  and  how  it  can  be  fully  utilized.  The  results  of  all 
measurements,  the  measurement  techniques  and  the  correlation  of  the  microstructure  and  the  mechanical  behavior  of  the 
alloy  will  be  discussed  in  details. 


THE  EFFECT  OF  MICROSTRUCTURAL  FLUCTUATIONS  ON  FATIGUE  LIFE  DISTRIBUTIONS  IN  ALUMINUM 
ALLOYS:  Marek  A.  Przvstupa.  Jimin  Zhang,  Annetta  J.  Luivano,  Department  of  Materials  Science  and  Engineering, 
University  of  California,  Los  Angeles,  CA  90024. 

The  distribution  of  fatigue  lives,  for  identical  loading  conditions,  depend  on  the  local  fluctuations  in  microstructure  due 
to  flaws,  varying  grain  shapes,  sizes  and  orientations,  distributions  of  the  second  phase  particle  volume  fractions,  sizes 
and  spacings,  operating  crack  closure  mechanisms,  etc.  The  resulting  effect  from  all  above-mentioned  microstructural 
inhomogeneities  is  a  times  to  failure  distribution  curve,  with  different  microstructural  features  affecting  different  parts  of 
that  curve.  For  instance;  in  aluminum  alloys  large  porosities  and  non-deformable  particles  control  general  shiq>e  of  the 
distribution  curve  and  particularly  its  shape  for  the  short  failure  times.  On  the  other  hand  precipitates  and  grain  structure 
control  the  shape  of  the  tail  of  the  distribution  for  long  failure  time.  Furthermore,  crack  closure  mechanisms  can  shift 
whole  curve  to  longer  or  shorter  times.  This  talk  will  address  the  question  of  the  influence  of  all  above  foctors  on  the 
shape  of  the  fatigue  life  distribution  curves  using  aluminum  7050  alloy  as  an  example. 
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